Although multiple paternity is known in human twins (Smith, 1984b) , demonstrating that sperm competition can occur, the real research issue is whether sperm competition has been a selective force in shaping human adaptation. General questions of interest to human sperm-competition researchers, such as Smith, Baker, Bellis and others since the early 1990s, are as follows. Do men have adaptations functionally designed to compete against a sexual rival's sperm or to prevent a rival's insemination of the mate? Do women have adaptations that function to promote sperm competition and thereby to produce sons with highly competitive ejaculates, or to produce offspring of both sexes with superior genotypes, if sperm-competition ability covaries positively with general fitness?
In the remainder of the foreward, I will discuss recent research findings about the design of men and women's sexuality that may be essential to consider for significant research progress in answering the two general questions posed above. This book is a collection of much of the scholarly work on human sperm competition, and if the important work itself is not in this book, it is discussed in some detail in it. This book also contains important criticisms of the human sperm competition literature. In particular, Chapter 1 by Pound et al. is a thoughtful critique and overview of the state of the science of human sperm competition. Virtually all findings reported to date, although many are consistent with an important role for sperm competition in human evolutionary history, do not provide the most convincing evidence because reasonable alternative hypotheses may explain the findings (see Chapter 1). This book tells us the current status of the field of research, and that future research is needed to better identify the role, if any, of sperm competition in human evolution. Two major research findings over the last several years may provide the knowledge base for a more sophisticated study of human sperm competition.
Specifically, it will be important in future research to incorporate the nowconsiderable evidence that woman has two sexualities, what I refer to as "estrus" and "extended sexuality," and that men know (perceive and respond to) her estrus, but very imperfectly, because of the coevolutionary race between women to conceal estrus and men to detect it (Thornhill, in press ). Woman's estrous sexuality is seen only surrounding ovulation and hence when there is significant conception probability. Human sperm competition can occur only during estrus. Woman's extended sexuality is all her sexuality outside the fertile phase of the menstrual cycle, including that during pregnancy and adolescent subfertility. Human sperm competition research has not recognized fully the importance of distinguishing the dual nature of woman's sexuality. This is understandable because the conventional wisdom in anthropology, psychology and reproductive biology is that woman lost estrus during her evolutionary history. It is believed generally that she, unlike all other female mammals, has no unconscious knowledge of her peak fertility in the reproductive cycle; she does not perceive the peak nor respond to it sexually. This knowledge is the basis of the high sexual motivation surrounding ovulation in the typical estrous female mammal. Relatedly, traditional consensus opinion claims that men have no knowledge of peak female fertility, whereas males of all other mammals typically do as a result of perception and response to olfactory or other cues from the estrous female. Recent research points a quite different picture of the sexuality of both sexes that may have far-reaching consequences for research on human sperm competition and human sexuality in general.
The recent research does not imply that woman's estrus is not concealed. Instead, it is present, but arguably concealed by direct selection for concealment from the main pairbond (in-pair) partner in the service of extra-pair copulation (EPC) with a male(s) with superior genetic quality, as first hypothesized by Benshoof and Thornhill (1979) and Symons (1979) . This concealment or crypsis, is imperfect, because males are selected to detect high fertility days in the menstrual cycle. Accordingly, females and males in our species have long been and are still engaged in a coevolutionary race to conceal cycle fertility (women) and to know it (men). Each antagonist in this race is adapted, but incompletely so (as is typical of coevolutionary races in general), to the opposite sex. Awareness of this coevolutionary race may inform importantly future research in human sperm competition.
THE FERTILE WINDOW
For humans, it is not so much how long sperm live, the frequency of polyandry, or even the frequency of so-called "double matings" (the overlap of ejaculates from different males within a woman over a 5-day period, the often-assumed longevity of sperm inside a woman). By definition, sperm competition can occur only if conception can occur. Ejaculates of different men placed inside a woman in her luteal menstrual cycle phase, even if the sperm lives inside her for up to 3 weeks, will not compete, because she has virtually zero probability of conception. The luteal phase begins with ovulation and extends until day 1 of her next menstrual cycle (first day of menses). Fertility drops to zero when ovulation occurs and a woman is infertile through the next menses, which lasts a mode of 5 days. In the days thereafter, this conception probability is above zero and continues to climb, reaching a peak a day or two prior to her next ovulation. Ovulation typically occurs on day 14 or 15 in young women with regular cycles (about 85% of young women). Ovulation is later in women with irregular cycles. The fertility window of the six days prior to ovulation is the case regardless of cycle regularity (Wilcox et al., 2000 (Wilcox et al., , 2001 .
For sperm competition to occur, competing ejaculates have to co-occur inside a woman during her fertile window. The 5-day window for double-mating is too long. Apparently, sperm live only a few days inside a woman, with a rare maximum of 6 days (Gomendio et al., 1998) . Moreover, double-matings outside the fertile window don't count-they cannot generate sperm competition. There is no convincing evidence of any sperm storage by woman, or by most other female mammals for that matter (Gomendio et al., 1998) . Actually, the important fertile window for sperm competition is even more restricted. It would correspond to days of high conception risk and hence the few days prior to ovulation. The 3-day window of high conception probability in the fertile window corresponds to men's sperm longevity inside a woman. I hypothesize that this longevity is the result of selection on males to produce sperm that can survive through the peak-fertility phase of the mate in the absence of sperm storage. Gomendio et al. (1998) provide evidence that the time from beginning of estrus to ovulation is correlated positively with sperm longevity across many non-human mammals. The effective window for sperm competition, then, is 3-6 days of a woman's 28-30-day menstrual cycle. Outside the effective window, polyandry is irrelevant with respect to sperm competition.
WOMAN'S DUAL SEXUALITY
There is strong evidence that woman has a dual sexuality. During the fertile phase of the menstrual cycle, she shows mate preferences that are distinctly different than that at infertile cycle phases. Recent studies have found that at high cycle fertility, but not at infertile cycle times, women prefer the body scent, faces and behaviors of symmetric men over the same traits of asymmetric men; prefer relatively high degrees of facial testosteronization in men, indicating a fertile-phase-specific preference for another marker (in addition to symmetry) of potential male genetic quality; prefer scents (andostenone) related to high testosteronization; prefer relatively high degrees of male skin coloration (melanin-and hemoglobin-based) that may correspond to elevated testosterone; prefer relatively high degrees of mental functioning in men (creative intelligence); and show relatively high levels of disgust about incestuous and other maladaptive matings. The effects listed are reviewed by , Fessler and Navarrete (2003) , and Haselton and Miller (in press) . A number of these effects are seen primarily or solely in women's preferences for shortterm, rather than long-term, mates, as expected if the preferences function in pursuing sires for offspring, as opposed to long-term partners. Moreover, multiple studies report that high-fertility phase women seem to modify their behavior to reduce the risk of rape and hence insemination by a male who may be an unsuitable sire (reviewed in Bröder & Hohmann, 2003) . Also, the effects listed are not seen in women using hormonal contraception (e.g., the pill). This means that the changed mid-cycle sexuality of women proximately depends on normal ovulatory hormonal factors acting around ovulation.
Another line of this recent empirical work has studied normally ovulating women's sexual thoughts, attractions and fantasies across the menstrual cycle. In general, nonpartner men, rather than the in-pair partner, are the focus of women's sexual interests at peak fertility, according to two separate studies (Gangestad et al., 2002; Haselton & Gangestad, in press) . One other study, however, did not find this; instead, it found that high-fertility women focus more sexual interest toward the main partner than toward nonpartner men. The exception may be driven by the women studied being in a new romantic relationship in which their EPC was not perceived as beneficial because of heightened male investment early in the relationship (see Pillsworth et al., 2004 for discussion) .
Other studies have looked at moderators of women's extra-pair sexual attraction. One study found that paired women's extra-pair sexual interest depends upon their in-pair partner's degree of symmetry and thus his potential genetic quality. Fertile-phase women paired with relatively symmetric males showed more interest in their in-pair partners than in non-partner men, but fertile-phase women paired with asymmetric men showed the reverse ). An additional study has shown that main male, in-pair partner's physical attractiveness, and hence putative genetic quality, moderates a woman's interest within and outside the pair-bond. Women with attractive men as in-pair partners focus their estrous eroticism toward him, whereas women with unattractive inpair partners focus theirs toward extra-pair men (Haselton & Gangestad, in press ).
Collectively, the research summarized above indicates that women perceive and respond to peak fertility in the cycle in relation to changes in cycle hormones. Moreover, it suggests that the peak-fertility sexuality of women is functionally organized to obtain a sire of superior genetic quality. Thus, both in terms of self-knowledge of estrus and of adaptive design of estrus, women at mid-cycle may be no different than other estrous female mammals. Bullivant et al. (2004) label women's sexuality at the fertile time of her menstrual cycle "the sexual phase." This label is problematic because woman has extended sexuality (see below). The sexuality of woman at peak fertility in the cycle is most appropriately designated as estrus because of its apparent homology and function (Thornhill, in press) . This sexuality appears to be homologous with estrus in all other female vertebrates. Homology means similarity in traits across species due to descent from a common ancestor with the trait. Homology does not imply identical traits because traits evolve. Estrus appears to have its phylogenetic origin in the species of fish that was ancestral to all the vertebrate groups (fishes, amphibians, reptiles [including birds] and mammals). This phylogenetic inference is based on the apparent presence of estrus in all of these groups. This presence is seen in the similarity of the hormonal underpinnings of female sexual motivation at peak fertility in the reproductive cycle. Also, the neurobiology of female sexual motivation at peak fertility, although far less known comparatively than estrous hormonal patterns, supports homology across the vertebrates (see Nelson, 2000 for a review of homology of female sexuality).
Not only has estrus never been lost by selection against it since its origin in the first vertebrate, it probably has the same general function throughout the vertebrates. Studies of estrous female guppies, frogs, salamanders, junglefowl, barn swallows, and a variety of non-human female mammals in estrus, including woman, reveal their design for preferring mates of actually or potentially superior genetic quality. The function of estrus as sire choice is hypothesized to be the reason for its evolutionary maintenance after its phylogenetic origin on the Tree of Life. This maintenance involved lineage-specific selection that molded estrus for the lineage-specific problems of sire choice in each taxon.
Contrary to the typical interpretation in mammalogy, estrus is not an adaptation to get just any sperm. Sperm are obtained by estrous phase female behavior, but this is incidental to estrus' evolved function of pursuit of sires of superior genetic quality. The view that the heightened sexual motivation of estrous females is the indiscriminate pursuit of sperm, widely held in mammalian reproductive biology (e.g., Nelson, 2000) , almost certainly is wrong, given that evolutionary theory claims that females have evolved to be choosy about their offsprings' sires and that studies of a variety of female mammals (from marsupials to non-human primates and woman) in estrus find them to prefer males with traits that connote potential or actual genetic quality.
Similarly, estrus is not a signal of peak fertility (directly selected adaptation for the function of communicating peak fertility). Sexual selection on males will guarantee females get inseminated at peak female fertility. Finding, doggedly pursuing and effectively inseminating fertile-phase females is the only evolutionarily stable strategy of males (e.g., Pagel, 1994) .
Previous discussions of woman's sexuality in the literature have been confused by the popular view that the loss of estrus is the same as the absence of female sexual swellings. It sees female sexual swellings in non-human, Old World primates as functioning as signals of ovulation, and thus woman has no estrus because sexual swelling was lost in her evolutionary history. Estrus and sexual swellings, however, are not equivalent. The females of most species of non-human mammals lack swellings, but all the species have estrus. Also, as just mentioned, swellings do not likely function as signals of cycle fertility. Instead, they are a form of female sexual ornamentation that, like all such ornamentation in both sexes, likely honestly signals individual quality. There is increasing evidence that woman's ornamentation-the estrogen-facilitated gynoid fat displays of breasts, hips and thighs; certain facial features; and skin-function as signals of individual quality (Thornhill & Grammer, 1999; Grammer et al., 2002) . Hence, woman's ornaments are not permanent, deceptive signals of cycle-related fertility, as some have proposed. Instead, they are permanent (across the reproductive life of the woman), honest signals of residual reproductive value to mates (see Marlowe, 1998 , on breasts as signals of future reproductive potential).
Another popular view that is apparently erroneous and has confused prior thinking about woman's sexuality is the notion that loss of estrus is equal to concealed ovulation. Estrus in woman is not lost, but is concealed partially, arguably by design to mask it in the service of female EPC for good genes at the fertile phase of the cycle. Equating the loss of estrus with concealed ovulation is based on the invalid view that estrus functions to reveal ovulation.
The recent empirical findings indicating that woman has extended sexuality adaptations are as exciting as those indicating she has estrous adaptations. Extended sexuality-mating motivation outside the fertile phase of the reproductive cycle-is seen in most Old World primates and pair-bonding birds, and here and there in species in many other taxa. Comparative data (partially reviewed by Rodriguez-Girones & Enquist, 2001 ) reveal that extended female sexuality generally evolves in species in which males provide females with non-genetic, material benefits and probably functions to obtain those benefits. The benefits gained depend on the species and range from food, social alliances, and protection of self and offspring, including protection of offspring from maltreatment by males in the group. Findings reveal that woman's extended sexuality may be a distinct adaptation that functions to secure material benefits. For example, normally ovulating women at infertile phases of their menstrual cycle, in contrast to estrous women, prefer men with limited facial testosteronization and such men appear to be more willing to provide benefits to mates than men with greater degrees of testosteronization (see review in Penton-Voak & Perrett, 2001) . Also, the preferences of fertile-phase females for symmetry (mentioned above) seem to be contrary to materialbenefit gain by women. Symmetric men, like highly testosteronized men, invest less in their romantic relationships (see . Thus, estrous preferences of women appear to trade-off male material benefits for male genetic quality. It is not that female choice is relaxed during extended sexuality. Women are choosy across the cycle, but the functional significance of their choices seems to differ greatly between infertile and fertile cycle phases.
Extended female sexuality requires accompanying estrus in the female's sexual repertoire. Extended sexuality allows the female to gain material-benefits from mating with a male(s) without risk of conception by a sire of inferior genetic quality, and estrus can assure offspring of high genetic quality.
DO WOMEN PROMOTE SPERM COMPETITION?
These findings have important implications for testing the hypothesis that woman has adaptations that function to promote sperm competition. The occurrence of polyandry is evidence for such design only if it occurs during estrus and is pursued by women, rather than being the result of the combination of estrous female preference for one male and sexual coercion by another during estrus. Are women motivated to be inseminated by multiple partners during estrus? Bellis and Baker (1990) interpreted some of their findings to suggest that women double-mate during mid-cycle, specifically that they mate with both the in-pair partner and an extra-pair partner. The above studies, however, suggest that estrous women may strive to avoid insemination by the in-pair partner and selectively pursue an extra-pair partner primarily when the in-pair partner is of low genetic quality. Hence, if women seek superior sperm competitors during estrus, it is reasonable to suggest that they would mate with multiple men with above-average symmetry and testosterone level. Ejaculate quality in men, and presumably, therefore, sperm competitiveness, positively covaries with men's symmetry and facial attractiveness (Manning et al., 1998; Soler et al., 2003) . Double-mating by combining in-pair and extrapair men during a single estrus might achieve an optimum sperm competition when the in-pair partner and the extra-pair partner are both of high genetic quality. In general, however, mating with multiple, high-genetic quality men is expected to better accomplish a high degree of sperm competition. The strong prediction, then, is that if women are designed to promote sperm competition, they will pursue insemination by multiple men of superior genetic quality during estrus. Studies to date have not addressed this possibility, but only reveal estrous woman's preferences for markers of high genetic quality.
One study indirectly suggests that women during estrus may not promote sperm competition. Schwarz and Hassebrauck (2004) report that women's score on the Sociosexual Orientation Inventory (Gangestad & Simpson, 1990 ) is correlated negatively with conception probability in the menstrual cycle. That is, fertile-phase women are the most sexually restricted in terms of their attitude about multiple partners, which supports the hypothesis that estrus functions as sire choice. More research, however, focused specifically on women's polyandrous tendencies during estrus is needed to test the prediction that estrous women have a specialized motivation to promote sperm competition.
The research I discussed on estrous women's preferences assumes that estrus is designed to obtain intrinsically good genes (i.e., genetic benefits to offspring that would enhance the reproductive value of offspring for all or most females). That this assumption is reasonable is seen in the general pattern of women overall changing their preference at the fertile cycle phase. If female preferences at estrus were designed only for seeking complementary genes based on the female's own genotype, then the main effects of preference for putative markers of men's genetic quality would not be found consistently by researchers. For example, a female preference for dissimilar major histocompatibility (MHC) alleles may involve complementary good genes. It is possible that women prefer mates with dissimilar alleles, but simultaneously want multiple men with such alleles to inseminate them and thereby achieve for offspring both dissimilar alleles and highly competitive sperm traits. There is no evidence, however, that women at estrus have a preference for dissimilar MHC alleles . It remains conceivable, of course, that women have an estrous preference for complementary alleles at other loci. If so, then in addition, women may place ejaculates from men carrying preferred alleles in competition by estrous polyandry. Research to examine this must take into account that sperm competition can only occur during estrus.
Another type of good-genes preference potentially relevant to sperm competition is for diverse genes. This kind of preference is hypothesized widely to be potentially important in various non-human animals. It allegedly functions to diversify the genotypes of a brood and thereby create at least some offspring that can deal with unpredictable environments, such as parasites coevolving rapidly to penetrate host defensive adaptation. Sperm competition necessarily will occur if females mate with multiple males at the fertile time of the reproductive cycle. Whether sperm competition is incidental to any female preference for genetic diversity or is a result of direct selection on females to promote sperm competition is an empirical question. If females mate with more males than necessary to achieve optimum genetic diversity, then promoting sperm competition could account for the excess mating. In woman, the multi-offspring brood is achieved by sequential births (barring twins) and hence if she is adapted to pursue diverse genes, then the pursuit would be to achieve multiple fathers across reproductive bouts. Sperm competition could play a role only if women pursue multiple partners at estrus in each bout.
ESTROUS WOMEN'S EPC AND MEN'S MATE GUARDING
I have mentioned two lines of evidence that woman has extra-pair copulation adaptations that function to secure sperm of a male of superior genetic quality during estrus. Women at estrus shift their preference to male traits that may connote superior genetic quality. They think sexually about non-partner men when in estrus, especially if the in-pair partner is of apparent low genetic quality. This evidence makes reasonable the hypothesis that pair-bonded men have faced sperm competition regularly throughout human evolutionary history. But do men have adaptations for this problem? Specifically, do pair-bonded men respond toward their estrous mate in ways that would offset the problem of sperm competition generated by an unfaithful mate seeking superior genes? Two recent studies suggest that the answer is yes. Gangestad et al. (2002) and Haselton and Gangestad (in press) have found that in-pair men's mate guarding peaks during the fertile phase of the menstrual cycle. Any insemination of an estrous woman is a paternity threat for her in-pair partner, whether it be due to rape or consensual female choice. These studies indicate that the increase in the in-pair partner's mate guarding during estrus is not just a response to prevent a woman's rape, but includes mate-guarding behaviors that seem to be focused on preventing her consensual EPC by increasing the inpair partner's value to his mate.
Men appear to guard estrous partners more than non-estrous partners, but what are they guarding? The sperm-competition hypothesis requires that they are guarding their paternity against the risk of its loss from conception by a sperm competitor. This interpretation is certainly reasonable when coupled with the evidence that women seek EPC during estrus. But why do men mate guard at times other than estrus? This guarding cannot be the result of direct selection to prevent sperm competition, because there is no sperm competition during woman's extended sexuality.
There is a large literature on men's guarding of their mates from other men (see , for a review). For example, there is evidence that men guard young mates more than older mates, and non-gravid mates more than pregnant mates. But young mates have higher reproductive value; even in the absence of sperm competition, they are expected to be guarded or tended more. Non-gravid mates are worth more to men in terms of getting an additional offspring underway. There is evidence that fathers guard young daughters more than older daughters; certainly, this is unrelated to preventing the father's sperm from being in competition. Instead, its function is to maximize the daughter's mate value for a suitable marriage. I hypothesize that fathers also guard daughters more during estrus.
The literature on men's mate guarding includes numerous studies showing that men are more jealous about sexual infidelity by a mate than about her emotional infidelity (see for a review). This is interpreted as evidence that men are designed to prevent sperm competition. Men, however, are more focused on sexual things than on about any other category of things. The sperm-competition hypothesis would be supported strongly if men's concern about sexual infidelity of their mate, in contrast to their concern about her emotional infidelity, showed a menstrual-cycle effect, peaking at estrus.
The recent research on men's increased mate guarding during estrus indicates that the mate's peak cycle-fertility is known to men and that they respond to it in ways that would reduce the chances of sperm competition. Other recent research also supports that men have knowledge about high female fertility in the cycle. Women's estrus seems to have the attractivity component seen generally in mammalian estrus. Three separate studies of normally ovulating women have found that men rate the body scent of fertilephase women as more attractive than that of infertile-phase women, and one of these studies showed also that there is no menstrual cycle variation in the body-scent attractiveness to men of women using hormonal contraception (Singh & Bronstad, 2001; Kuukasjärvi et al., 2004) .
Although men have far more knowledge of women's high fertility in the cycle than earlier scholars thought, men are not as astute at detecting fertility as most other male mammals (e.g., the pig or the mouse) in which male sexual interest is only or primarily focused on estrous females. Also, men's incomplete knowledge is demonstrated by their great interest in copulation across the menstrual cycle, not just at peak fertility. In human evolutionary history, the absence of complete knowledge is hypothesized to have maintained the selection on males for copulating and mate guarding regardless of the partner's cycle phase.
High copulation rates by male animals, including men, are interpreted typically as adaptation against sperm competition. This can apply only when females are fertile in their reproductive cycle, because it is only at this time that sperm competition can be a selective agent. A more parsimonious hypothesis is that high copulation rates and all male copulations outside the fertile phase are the result of incomplete male knowledge of high female fertility in the reproductive cycle (Thornhill, 1984) .
Men's limited knowledge of the timing of estrus (relative to other male mammals and male vertebrates in general) indicates selection on females for crypsis of high fertility in the cycle and selection on males to circumvent the crypsis and know peak fertility. The recent research findings imply that the genetically superior sire for an offspring may or may not be the main pair-bond partner of a female. This leads to condition-dependent extra-pair copulation (EPC) behavior by women that functions during fertility in the menstrual cycle to maximize the genetic quality of offspring when the in-pair partner is of relatively low genetic quality. Similarly, the research implies that woman will exhibit concealed peak fertility in her menstrual cycle, and that this is an adaptation for EPC at peak fertility through its design for disguising a woman's EPC pursuits from her main partner. Thus, woman, like any other female mammal in estrus, will perceive and respond to her peak fertility in the cycle, but woman will be cryptic about her motivations to secure the best sire through EPC at peak fertility. Furthermore, males always gain from knowing (perceiving and responding to) the peak fertility of females. Hence, the recent research implies a continuous coevolutionary race in humans to hide peak fertility (selection on females) and detect it (selection on males).
Co-evolutionary-race scenarios are rich with predictions that can test the sperm competition hypothesis. How is men's copulatory behavior adjusted in relation to estrus and extended sexuality, given that men have some knowledge of estrus? Gallup and Burch (2004) have provided evidence that man's penis may have functional design for removing a competitor's sperm; in this scenario, the action of the penis depends on the depth of thrusting and other copulatory actions. The co-evolutionary race between females to control conception and men to circumvent that control suggests that men may have evolved specialized copulatory behaviors for sperm removal that would be manifested primarily during estrus. Also, is the male motivation underlying human cunnilingus focused on the fertility window to discern peak fertility within it, as is certainly the case in non-human mammals? Strongly supportive of the sperm-competition hypothesis would be the result that male-initiated cunnilingus or male interest in cunnilingus with the partner peaks at estrus, especially in couples in which the man perceives his partner as having extra-pair interest. There is evidence that men with partners with multiple, simultaneous boyfriends show a greater peak in mate guarding during estrus than men with partners who report dating only one man (Gangestad et al., 2002) . Perhaps cunnilingus would reveal the same pattern. Cunnilingus during estrus also might function to detect by taste/olfaction another man's ejaculate, or to promote spermretaining female orgasm.
Co-evolutionary theory makes cryptic female choice a salient female adaptation in the intersexual race, if sperm competition occurs and females strive to obtain the best sire. Do men work harder during estrus than extended sexuality to achieve the optimal timing of the mate's copulatory orgasm that will retain his sperm (see Baker and Bellis, 1995 , on the timing of men's and women's orgasm in relation to ejaculate retention)? Does man's semen change at estrus, either in quantity or chemically, in ways implying defense against the risk of sperm competition?
Other questions relevant to human sperm competition derive from co-evolutionary theory. Are men designed to conceal the pair-bond mate's estrus from other men to protect paternity? As mentioned, paternity would be reduced by an estrous partner's mating consensually or as a result of sexual coercion. The recent findings, mentioned earlier, that woman appears to have adaptations that defend against rape means that rape was a recurrent threat to female reproductive success in human evolutionary history. This, in turn, suggests that rape may have been a recurrent context for sperm competition in our history. Hence, human sperm competition may arise from both consensual EPC and coerced matings by males other than the in-pair partner. Rapists may target disproportionately estrous-phase women, given men's partial knowledge of cycle-related fertility. The apparently quite high conception rate following rape, compared to consensual mating (Gottschall & Gottschall, 2003) , is consistent with the hypothesis that rapists have some knowledge of the fertile window and differentially force insemination during it.
Co-evolutionary theory also leads to the expectation that there will be considerable individual variation in women's ability to hide estrus and men's ability to detect it. Ongoing co-evolutionary races generate high phenotypic variance, including considerable maladaptation, on both sides of the contest. How might this relate to individual differences in mating and romantic relationship tactics and competencies, including those of men that may defend against sperm competition?
In discussing some of the recent findings about women's changes in mate preference across the menstrual cycle, David Buss (2003, p. 249) states that human "[m]ating research is now entering an 'ovulation revolution.'" I suggest a much broader program is ahead, one that will address woman's dual sexuality as well as the co-evolutionary races of males and females in relation to estrus. Certainly, most hypotheses about the role of sperm competition in the human mating system are informed by separating estrus and extended sexuality and by co-evolutionary theory. The future study of human sperm competition will benefit from more widely adopting this broader theoretical perspective on human sexuality.
PREFACE
In species with internal fertilization, sperm competition occurs when the sperm of two or more males simultaneously occupy the reproductive tract of a female and compete to fertilize an egg (Parker, 1970) . A large body of empirical research has demonstrated that, as predicted by sperm competition theory, males and females in many species possess anatomical, behavioral, and physiological adaptations that have evolved to deal with the adaptive challenges associated with sperm competition. Moreover, in recent years, evolutionary biologists and psychologists have begun to examine the extent to which sperm competition may have been an important selective pressure during human evolution.
Some research has suggested that male humans, like males of many bird, insect, and rodent species, might be able to adjust the number of sperm they inseminate according to the risk of sperm competition. Other research has examined whether such responses might be accompanied by psychological changes that motivate human males to pursue copulations when the risk of sperm competition is high. Furthermore, there is research suggesting that aspects of human penile anatomy might function to enhance success in sperm competition. Much of this work has been controversial; some of the findings have been disputed and others have been greeted with skepticism. However, the idea that some aspects of human psychology and behavior might best be understood as adaptations to sperm competition remains intriguing and, in certain cases, very persuasive.
This volume brings together a key set of classic and contemporary papers that have examined possible adaptations to sperm competition in humans. In addition to classic papers by Robin Baker and Mark Bellis, this volume includes later work by other researchers -some developing Baker and Bellis' ideas, some refuting their findings. As is to be expected in any comparatively new area of investigation, there are conflicting findings and unresolved issues. This, however, should encourage rather than discourage future research in this field. This collection of papers is essential reading for students of evolutionary psychology, human sexuality, and researchers considering conducting work in this area. Moreover, some of the work included in this volume has attracted a great deal of media attention with highly selective and often inaccurate reporting of findings in newspapers and in documentaries. Consequently, this collection of papers should be of prime interest to anyone who has been intrigued by these media reports and wants to know the full story with all its controversies, inconsistencies, and exciting advances. 
SPERM COMPETITION IN HUMANS

WHAT IS SPERM COMPETITION?
Sperm competition is the competition that can occur between the sperm of different males to fertilize a female's gamete(s) (Parker, 1970) . In species with internal fertilization, there is the potential for sperm competition to occur whenever a female mates with multiple males within a sufficiently short period of time so that live sperm from two or more males are simultaneously present in her reproductive tract. The outcome of such competition, notwithstanding mating order effects, depends on a "raffle" or "lottery" principle (i.e., a particular male can increase the probability of siring a female's offspring by inseminating more sperm) (Parker, 1982 (Parker, , 1990b 1998) . The costs of ejaculate production, however, are non-trivial (Dewsbury 1982; Nakatsuru & Kramer, 1982; Olsson, Madsen, & Shine, 1997; Shapiro, Marconato, & Yoshikawa, 1994) , and repeated ejaculation can lead to sperm depletion (Ambriz et al., 2002; Preston, Stevenson, Pemberton, & Wilson, 2001) . Consequently, for males there is a trade-off between ejaculate production costs and the potential benefits of delivering large numbers of sperm in any particular ejaculate.
Sperm Number and Risk of Sperm Competition
In light of the trade-off males must make, one of the first hypotheses generated by sperm competition theory was that males will deliver more sperm when the risk of sperm competition is high, both across (Parker, 1982 ; Chapter 2, this volume) and within species (Parker, 1990b) . Across species, therefore, high levels of sperm competition should select for increased investment in sperm production. Consistent with this, it has been found that in primates (Harcourt, Harvey, Larson, & Short, 1981 Harcourt, 1984; Short, 1979) , birds (Møller, 1988 ), ungulates (Ginsberg & Rubenstein, 1990 , frogs (Jennions & Passmore, 1993) , and butterflies (Gage, 1994) , testis size relative to body size (and therefore investment in sperm production) is correlated positively with the incidence of female polyandry (i.e., the frequency with which females mate with multiple males). Recent work, in addition, has demonstrated experimentally that exposure to mating environments with high levels of sperm competition can produce significant increases in testis size after only 10 generations in yellow dung flies (Scathophaga stercoraria) (Hosken & Ward, 2001) .
The prediction that males should deliver more sperm when the risk of sperm competition is high also applies within species, to individual males who should adjust the number of sperm they inseminate from one copulation to the next according to variations in sperm competition risk. In recent years, experimental evidence has accumulated indicating that in various species individual males are capable of such prudent sperm allocation (Parker, Ball, Stockley, & Gage, 1997; Wedell, Gage, & Parker, 2002; Chapter 3, this volume) . However, since sperm competition risk cannot be assessed directly, males must rely on cues (auditory, olfactory, tactile, or visual stimuli) that reliably predict whether a female's reproductive tract (in the case of internal fertilizers) or the spawning area (in the case of external fertilizers) contains or will soon contain sperm from a rival male.
There is experimental evidence that males of various species respond adaptively to cues of increased sperm competition risk, such as male mating status, in species where it predicts the likelihood of mating with an already-mated female (Cook & Wedell, 1996) , and female mating status where it is detectable (Gage & Barnard, 1996) . In addition, males of various species appear to be sensitive to the operational sex ratio, or the mere presence of one or more rival males, during a particular mating event. Mealworm beetles (Tenebrio molitor) (Gage & Baker, 1991) and mediterranean fruitflies (Ceratitis capitata) (Gage, 1991) inseminate more sperm when mating in the presence of rival males. Furthermore, field crickets (Gryllodes supplicans) and house crickets (Acheta domesticus) increase the number of sperm they inseminate in proportion to the number of rivals present (Gage & Barnard, 1996) .
Other species that are known to adjust the number of sperm they deliver either in response to the presence of rival males, or when group spawning, include bucktooth parrotfish (Sparisoma radians) (Marconato & Shapiro, 1996) , blue crabs (Callinectes sapidus) (Jivoff, 1997) , bluehead wrasse (Thalassoma bifasciatum) (Shapiro et al., 1994) , and rainbow darters (Etheostoma caeruleum). For a comprehensive review of these findings, see Wedell et al. (2002; Chapter 3, this volume) . Of perhaps most relevance to work on responses of human males to cues of sperm competition risk, are findings that males of other mammalian species are capable of prudent sperm allocation in response to variations in sperm competition risk. Bellis, Baker, & Gage (1990) reported that male rats (Rattus norvegicus) adjust the number of sperm they inseminate depending on the amount of time they have spent with a particular female prior to copulation. In this experiment, rats were housed in mixed-sex pairs but prevented from mating by wire mesh dividing each cage. When allowed to mate, males inseminated less sperm when copulating with a female that they had accompanied during the 5 days preceding her estrus than when mating with a female accompanied by a different male during those 5 days. Bellis et al. (1990) interpreted this finding as evidence of prudent sperm allocation, because time spent with a female prior to copulation can be thought of as "guarding" time, and "unguarded" females are more likely to contain sperm from one or more rival males.
More recently, it has been shown that, male rats (Rattus norvegicus) inseminate more sperm when mating in the presence of a rival male (Pound & Gage, 2004) . Similarly, male meadow voles (Microtus pennsylvanicus) inseminate more sperm when they mate in the presence of another male's odors (delBarco-Trillo & Ferkin, 2004) .
HAS SPERM COMPETITION BEEN AN ADAPTIVE PROBLEM FOR HUMANS?
The question of whether sperm competition has been an important selective force during human evolution is somewhat controversial. Smith (1984; Chapter 4, this volume) argued that the comparatively large size of the human penis, and the fact that human testes are larger in relation to body size than are those of monogamous primates (Short, 1981) , suggests that sperm competition has been a recurrent feature of human evolutionary history. Smith (1984) argued that facultative polyandry (i.e., female sexual infidelity) would have been the most common context for the simultaneous presence of live sperm from two or more men within the reproductive tract of an ancestral woman. Other contexts in which sperm competition might have occurred include consensual communal sex, concurrent courtship with multiple males, rape, and prostitution, but Smith (1984) argued that these contexts probably did not occur with sufficient frequency over human evolutionary history to provide selection pressures for adaptations to sperm competition equivalent to female infidelity. Consequently, whether or not sperm competition has been a major mode by which men have competed for reproductive success depends largely on the frequency with which women mated polyandrously in ancestral environments.
The ubiquity and power of male sexual jealousy certainly provides evidence of an evolutionary history of female infidelity, and therefore perhaps also of sperm competition. Male sexual jealousy would only evolve if female sexual infidelity was a recurrent feature of human evolutionary history (see, e.g., Buss, Larsen, Westen, & Semmelroth, 1992; Daly, Wilson, & Weghorst, 1982; Symons, 1979) , and female infidelity increases the likelihood that sperm from two or more men will simultaneously occupy the reproductive tract of a single woman. Indeed, based on past and present infidelity rates of men and women, it may be concluded that humans practice social monogamy, the mating system in which males and females form long-term pair bonds but also pursue extra-pair copulations. Extra-pair copulation, and consequently sperm competition, is common in socially monogamous bird species (Birkhead & Møller, 1992) ; and perhaps also sufficiently common in humans to generate significant levels of sperm competition (Smith, 1984; Chapter 4, this volume; Bellis & Baker 1990; Chapter 9, this volume) .
A recent genetic study has shown that the genes coding for proteins involved in the production and function of sperm have been evolving at a much faster rate than most other human genes and at a similar rate to homologous genes in chimpanzees (Wyckoff, Wang, & Wu, 2000) . The rapid evolution of these genes may have occurred as a consequence of the selection pressures generated by female promiscuity, since they appear to be evolving more slowly in gorillas where females are less likely to mate with multiple males.
There is necessarily some circularity involved when trying to understand aspects of human physiology, psychology and behavior as adaptations to sperm competition while also trying to use them as evidence for the very existence of sperm competition in humans. However, this and some subsequent chapters review evidence of physiological, psychological, and behavioral mechanisms that are perhaps most parsimoniously explained if sperm competition was a recurrent feature of human evolutionary history.
Do Women Generate Sperm Competition?
Evolutionary accounts of human sexual psychology have tended to emphasize the benefits to men of short-term mating and sexual promiscuity (e.g., Buss & Schmitt, 1993; Symons, 1979) . For men to pursue short-term sexual strategies, however, there must be women who mate non-monogamously (Greiling & Buss, 2000) . Moreover, if ancestral women never engaged in short-term mating, men could not have evolved a strong desire for sexual variety (Smith, 1984; Schmitt, Shackelford, & Buss, 2001; Schmitt, Shackelford, Duntley, Tooke, & Buss, 2001; Schmitt et al., 2003) .
Ancestral women may have benefited from facultative polyandry in several ways (for a review, see Greiling & Buss, 2000) . Some of the most important potential benefits include the acquisition of resources, either in direct exchange for sex with multiple men (Symons, 1979) or by creating paternity confusion as a means to elicit investment (Hrdy, 1981) . Alternatively, ancestral women may have benefited indirectly by accepting resources and parental effort from a primary mate while copulating opportunistically with men of superior genetic quality (Smith, 1984; Symons, 1979) . Furthermore, extra-pair sex might have been useful as insurance against the possibility that a primary mate was infertile, and in unpredictable environments it may be advantageous for women to ensure that offspring are sired by different men and are thus genetically diverse (Smith, 1984) . Jennions and Petrie (2000) provide a comprehensive review of the genetic benefits to females of multiple mating.
While multiple mating by women is a prerequisite for sperm competition to occur, not all patterns of polyandry are sufficient to allow for such post-copulatory competition between men. For sperm competition to occur, women must copulate with two or more men within a sufficiently short period of time such that there is overlap in the competitive lifespans of the rival ejaculates. The length of this competitive "window" might be as short as 2-3 days (Gomendio & Roldán, 1993) , or as long as 7-9 days (Smith, 1984) . Using an intermediate estimate of 5 days, Baker and Bellis (1995) argued that questionnaire data they collected on female sexual behavior indicated that 17.5% of British women "double-mated" in such a way as to generate sperm competition at some point during the first 50 lifetime copulations. It should be noted, however, that in contemporary environments use of barrier contraceptives means that "double-matings" do not always lead to the simultaneous presence of live sperm from two males within the female's reproductive tract, but do represent a pattern of behavior that would typically have led to sperm competition in ancestral environments.
As pointed out by Gomendio et al. (1998) there are some problems with Baker and Bellis' (1995) estimate of the frequency with which women engage in "double-matings". In particular, the questionnaire data upon which the estimate was based were derived from a self-selected sample of women from the readership of a popular women's magazine who were probably more sexually active than the female population at large. Gomendio et al. (1998) also argued that the competitive lifespan of an ejaculate within the female reproductive tract is in fact probably around 3 rather than 5 days so Baker and Bellis' (1995) definition of "double-mating" may be insufficiently restrictive. In any case, whichever estimate is accepted, there are only limited data available on the frequency with which women in contemporary populations might "double mate" since large-scale studies of sexual behavior have not collected data on this specifically, but many have recorded how often they engage in concurrent sexual relationships, more generally.
Not all concurrent sexual relationships involve copulations with different men within a sufficiently short space of time to be considered double-matings, but it is likely that many do since even using Gomendio et al.'s (1998) conservative estimate of the competitive lifespan of an ejaculate (3 days) sperm competition would be very likely to occur if a woman conducts concurrent sexual relationships with two men that involve weekly intercourse with each partner. Consequently, the rate at which women participate in concurrent sexual relationships provides an index of the likelihood of sperm competition in a population. Gomendio et al. (1998) , for example, argued that survey data indicate that only 2% of women in Britain have engaged in concurrent sexual relationships in the past year and, consequently, that sperm competition is likely to be a relatively infrequent occurrence. However, a major study of sexual behavior in Britainthe National Survey of Sexual Attitudes and Lifestyles conducted between 1999 (Johnson et al., 2001 )-revealed that 9% of women overall, and 15.2% of those aged 16-24 years, reported having had concurrent sexual relationships with men during the preceding year. While in a large study of sexual behavior in the US, Laumann, Gagnon, Michael, and Michaels (1994) , found that while only about 20% of young women reported having multiple partners during the previous year, of those who reported having many (five or more), 83% also report that at least two of these relationships were concurrent.
Sperm competition may arise as a by-product of female behaviors that function to increase the probability that a female will conceive offspring sired by a male other than her primary mate. However, Bellis and Baker (1990; Chapter 9, this volume) argued that women "schedule" their copulations in a way that actively promotes sperm competition. Active promotion of successive insemination by two or more men may allow a woman to be fertilized by the most competitive sperm. Bellis and Baker (1990) documented that women are more likely to double-mate when the probability of conception is highest, and when the probability of conception is lower, in contrast, they tend to space their in-pair and extra-pair copulations more widely, making sperm competition less likely. Bellis and Baker (1990) argued that these findings cannot be attributed to men's preferences for copulation with women at peak fertility since such preferences would also increase the frequency of in-pair copulations during the fertile phase of the menstrual cycle.
It is possible, however, that Bellis and Baker (1990) may have been too quick to dismiss the possibility that men prefer to copulate with a woman during the most fertile
